Kinetics of spreading of aqueous surfactant solution droplets over highly hydrophobic substrates proceeds in one slow stage at concentration of surfactants below some critical value and in two stages if the surfactant concentration above the critical value: the fast and relatively short first stage is followed by a slower second stage. It is shown that the kinetics of spreading at concentrations below critical and the second stage at concentrations above critical are determined by a slow surfactant molecules transfer on a bare hydrophobic substrate in front of the moving three phase contact line (autophilic phenomenon). The latter process results in an increase of the interfgacial tension of the hydrophobic solid surface in front and the spreading as a result. It is proven that in spite of that the latter process results in a decrease of the total free energy of the droplet and, hence, the adsorption of surfactants molecules on a bare hydrophobic substrate in front of the moving three phase contact line is a spontaneous process. The duration of the first stage of spreading in the case of the surfactant concentration above the critical correlates well with the duration of adsorption of surfactant molecules onto liquid-air interface.
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Introduction
Surfactant enhanced spreading of water over low energy surfaces is very important process in many industrial, pharmaceutical, agriculture and life science applications. The spreading dynamic of surfactant solutions has been extensively investigated over last years [1] [2] [3] [4] [5] [6] [7] ; however an understanding of the mechanism of influence of surfactants on spreading of droplets of aqueous surfactant solutions is to be understood.
Under isothermal conditions and in the absence of external forces a liquid moves under the action of one of two the following forces: a pressure gradient and/or a surface tension gradient. In the case of pure liquids on smooth hydrophilic substrates the spreading behaviour obeys to the classical Tanner's law indicating that the combined action of capillary and Derjaguin's pressure (disjoining pressure), acting in a vicinity of the three phase contact line, is a driving force 8 . However, a mechanism behind the spreading of surfactant solutions is more complicated and has not been understood yet. No doubt that the surface forces (Derjaguin's or disjoining pressure) are involved but the presence of surfactants modifies those forces, causes the surface tension gradients and changes dramatically events in a vicinity of the three phase contact line. All those events in a vicinity of the three phase contact line are to be understood. It is the reason why below we try to understand the phenomenon of spreading of surfactants solutions over hydrophobic substrates using a simplified picture.
The analysis of data published in the literature shows that spreading of surfactant solutions over hydrophobic surfaces proceeds at least in two stages with different spreading rates depending on hydrophobicity of substrates and concentration of surfactants. [9] [10] [11] [12] [13] [14] [15] [16] Obviously the spreading of surfactant solutions is affected by adsorption of surfactant molecules at interfaces, which could drastically changes interfacial tensions and energy balance at a three-phase contact line, promote the spreading of aqueous surfactant solutions: the rate of adsorption of surfactant molecules and depletion of surfactant at the expanding interface during the spreading reflects on the changing of spreading rate of droplet. 17 The mechanisms proposed by a number of researchers [4] [5] [6] [7] 10 for spreading of surfactant solution over hydrophobic surfaces relayed only on the adsorption processes on (i) the liquid-vapor and/or (ii) the solid-liquid interfaces, and completely excluded the possibility of adsorption of surfactant on (iii) the solid-vapour interface in front of the moving three phase contact line. The latter phenomenon has been suggested as a driving force of spreading of aqueous surfactant solutions over hydrophobic substrates [18] [19] [20] [21] [22] [23] [24] . Below we consider the latter mechanism and show that spreading of surfactant solutions on hydrophobic substrates involves a spontaneous adsorption of surfactant molecules in front of the moving three phase contact line and the latter phenomenon controls the rate of spreading of surfactant solutions over hydrophobic substrates.
Experimental evidences and existing theoretical models
The idea of the adsorption of surfactant molecules in front of moving three phase contact line on a bare hydrophobic substrate was put forward by Churaev and co-workers [18] [19] [20] in their experiments on a spontaneous imbibition/rising of aqueous solutions of non-ionic surfactant in hydrophobized quartz capillaries. They found that a characteristic time scale of the imbibition process was several minutes and even hours, that is, presumably all adsorption processes on the liquid-air and the solid-liquid interfaces in capillaries of around 10 m in the diameter were likely to be over. The authors assumed that adsorption of surfactant molecules onto a bare hydrophobic surface in front of the moving three-phase contact line was the only possible explanation [18] [19] [20] . The latter process results in a partial hydrophilization of the hydrophobic substrate ahead of the moving liquid front of the aqueous surfactant solution and the latter leads to spontaneous penetration of the solution into the hydrophobic capillary (autophilic phenomenon). Later, Starov 21 For the first time the adsorption of surfactant molecules on a bare hydrophobic substrate in front of the moving three phase contact line was used to explain the kinetics of spreading of aqueous surfactant solutions over hydrophobic substrates in ref. 22 . Note, in this case the situation is substantially different from the case of imbibitions/rise of surfactant solutions into hydrophobic capillaries: the concentration of surfactants in front of the moving three phase contact line is not at the equilibrium with the bulk concentration of surfactants inside the droplet. If that concentration had been at the equilibrium with the bulk concentration in the droplet then the spreading process would have stopped. The latter means that the concentration of surfactants in front of the moving three phase contact line is not at the equilibrium and just relaxation to the equilibrium determines the rate and the duration of the spreading process. The latter have been confirmed later in ref. 23 .
In ref 25 a distribution of surfactant molecules in a vicinity of the three phase contact line was investigated using autoradiography method. It was shown that the surfactant molecules accumulates in some cases in a vicinity of the three phase contact line. However, the method used in 25 did not allow separating the influence of evaporation (which proceeds mostly in a vicinity of the three phase contact line) and adsorption (autophilic phenomenon) in the same region.
The decisive experimental evidence of presence of surfactant molecules in front of a contact line on a hydrophobic surface has been provided by Kumar et al 24 .
Their carefully designed experiments have proven the presence of more wettable areas ahead a moving three phase contact line as compared with a clean hydrophobic surface in the case of both advancing and receding three phase contact line. It has been shown 24 that the local solid-vapor interfacial tension increases with an increasing bulk surfactant concentration. The latter results in the contact angle to be lower than expected from the reduction based on the solid-liquid and liquid-vapor surface tensions alone. Authors 24 have referred to this phenomenon as the autophilic effect, which is used below.
A theoretical model of an evolution of contact angle and a diameter of the droplet base, which spreads over a hydrophobic surface has been proposed by Starov et al. 23 According to this model the adsorption of surfactants in front of moving edge of a droplet is a driving force for spreading of droplet of aqueous surfactant solution. As far as the driving force is proportional to the difference e t    ) ( , the adsorption behaviour is suggested to be described by the following kinetic equation: characterized by a contact angle 105 of pure water. 23 Later, Dutschk et al 13, 14 identified the autophilic mechanism as the only one possible explanation for a long-time regime of spreading of ionic and nonionic surfactant solutions over different polymeric substrates.
Estimation of possible values of the energy barrier in Eq. 920 is given below.
It was shown earlier 15 that at low concentrations below CAC the kinetics of spreading is described by the theory presented in 23 . As we already mentioned above according to that theory the surfactant molecules adsorb in front of the moving three phase contact line. The latter process results in a partial hydrophilisation of an initially hydrophobic substrates and a spreading as a consequence. However, at higher concentrations both in between CAC and critical wetting concentration (CWC) and above CWC the spreading of T6 and T8 proceeds in two stages: the first faster stage that rate is more than ten time faster than the rate of the next much slower second stage. It is shown that the second stage develops according to the previously described model.
According to 15, 23 the dynamic of contact angle of a spreading droplet of surfactant solution over hydrophobic substrate at concentrations below CAC can be described as
that is the linear dependency, which can be easily experimentally verified. Figure 1 presents the comparison with the experimental data on spreading of T6 solution 15 .
It was found that the behaviour of ) ( cos t  was substantially different at concentrations below CAC/CMC and above CAC/CMC 15 . At concentrations below
in the case of Tween 20, T6 and T8 was in agreement with Eq. (3) (see Figure 1 ). However, in the case of concentrations above CAC/CMC and above CWC behaviour of ) ( cos t  was substantially different. At those higher concentrations two stages of spreading were detected: the first fast stage of spreading, which was followed by the second slower stage of spreading. Both stages were fitted using linear dependencies similar to Eq. (3). In this case those dependences were rewritten as
where t 1 is the duration of the first fast stage of spreading. Linear dependences according to Eq. (4) fit reasonably well the experimental data at concentrations above the CAC/CMC and above the CWC (see However, the mechanism of spreading during the first stage remains unknown.
Below we try to understand the mechanism of spreading during the fast first stage.
To summarize experimental findings presented in 15 : the slow stage of spreading of aqueous trisiloxane surfactant solutions over highly hydrophobic PTFE AF coated silicon wafers is described in the frame of the proposed theory 23 , and a good agreement between experimental and predicted data has been found. in Refs. [13] [14] [15] 23 . However, Figure 5 shows that the agreement is much better during the second stage of spreading than the agreement during the first fast stage of spreading.
Excess free energy of an aqueous surfactant droplet
Let us consider a free energy of a droplet on a solid substrate as it shown in Figure 6 . Free energy of the system,  , can be written as
where lv  , sl  and sv  are interfacial tensions of the liquid-vapour, the solid-liquid and the solid-air, respectively; S is the area of the liquid-vapour interface, P is the excess pressure, V is the liquid volume,  is the contact angle. It is well known that the requirement of the equilibrium results in an equation for the droplet profile. The only solution of that equation is a spherical segment (see ref 1 for details). Expressing P , S , a and V via radius R and the contact angle  the following expressions can be deduced:
Substitution of all above expressions into Eq. (5) results in ) cos cos
Taking into account the assumption of constancy of the drop volume Eq. (6) can be rewritten as follows,
Transversality condition at the equilibrium (see ref. 1 
Eq. (9) gives the dependency of the excess free energy of the droplet via three interfacial tensions lv
Let us calculate derivatives of the excess free energy of the droplet with all three interfacial tensions  , sl  and sv  . Simple calculations show that 0 ) (cos
where . 3 (10) and (11) show that the excess free energy of the droplet decreases if solid-liquid interfacial tension decreases and liquid-vapour interfacial tension decreases. These two conclusions are well known. As a result two spontaneous processes take place in the presence of surfactants: adsorption of surfactants on the liquid-hydrophobic solid interface and adsorption on liquid -vapour interface.
Eq. (12) shows that the excess free energy of the droplet decreases if the solid-vapour interfacial tension increases. Note, the adsorption of surfactant molecules on a bare hydrophobic surface in front of the three phase contact line (autophilic phenomenon) results in a local increases of the solid-vapour interfacial tension. However, according to Eq. (12) the total excess free energy decreases because of that process. The latter means that the adsorption of surfactant molecules on a bare hydrophobic substrate in front of the three phase contact line is a spontaneous process. It is interesting to note, that the latter simple conclusion has never been noticed earlier.
Possible mechanism of surfactant molecule transfer on a bare hydrophobic substrate
Let us assume that a droplet of aqueous surfactant solution on a highly hydrophobic substrate is not in the actual contact with the substrate (Figure 7a Figure 8a ) and partial wetting (contact angle is less than 90 0 , Figure 8b ).
As the autophilic phenomenon results in an increase of the surface energy locally, then the adsorption goes via a potential barrier, which can be estimated as follows. Let us consider a change in a local free energy caused by a jump of a single surfactant molecule from a liquid-vapour interface on a bare hydrophobic surface ( Figs. 7a and 7b ). The associated energy barrier is: is the velocity of spreading, where t is time, the drop shape remains the spherical form ( Figure 6 ) and varies quasi-steadily with ) (t a .
We assume below that
, where  is the liquid density. That is the gravity action can be neglected.
Using the expression for volume and radius of the droplet base from Eq. (6) we can express the radius of the droplet base, ) (t a , in the following form 
If the evaporation of liquid can be neglected, that is V = const, differentiation with time of the latter equation results in
This equation shows that all possible models of spreading of surfactant solutions can be reduced to the investigation of the behaviour of ) ( cos t  , that is the contact angle on time.
The usually adopted assumption is as follows: Young equation is still valid in the course of spreading. The next step is an assumption that all three interfacial tensions in Young equation are completely determined by the adsorption at the corresponding interfaces
where sl sv lv
are adsorption of surfactants on the liquid-vapour, the solidvapour, the solid-liquid interfaces, respectively. Taking into account the latter assumption Eq. (15) for the spreading can be rewritten as follows:
>0. Note that all interfacial tensions and adsorptions in the latter equation are taken in a vicinity of the three phase contact line. In this case the derivative in the right hand site of the latter equation can be rewritten as 
(or at <90 0 ), that is adsorption on the liquid-vapour interface promote the further spreading, and
(or at >90 0 ), that is, adsorption on the liquid-vapour interface does not favour the spreading if >90 0 . The conclusion following from the above analysis is rather surprising: the common believe is that the lower the liquidvapour interface the better wetting conditions. However, the latter is valid for the case when <90 0 and not valid at >90 0 .
The latter observation explains the presence of the first faster stage in the case of concentrations above CAC (when <90 0 ) and absence of the fast stage of spreading in the case of concentrations below CAC 15 (when >90 0 ). In the case of concentrations of trisiloxanes below CAC the initial and final contact angles observed in 15 were above 90 0 . The latter means that the kinetics of adsorption of surfactant on the liquid-vapour interface and decreasing of liquid-vapour interface did not promote the spreading, but just the opposite tried to shrink the solid-liquid base. Note, the latter was impossible because of the hysteresis of contact angle. Note also, that the kinetics of adsorption in this case was the slowest.
However, in the case of concentrations above CAC the final contact angle was always below 90 0 . Hence, the adsorption on the liquid-vapour interface promote the spreading according to Eq. (18) . The kinetics of adsorption on liquid-vapour interface was much faster than the corresponding adsorption on the solid-vapour interfaces.
Hence, we can omit the term
in Eq. (17) . The kinetics of spreading is now described by the following equation:
that is, determined by the kinetics of adsorption on the liquid-vapour and liquid-solid interfaces. We assume below that the latter two kinetics proceed on approximately equal time scales. Now we compare the spreading dynamic of trisiloxane droplets with the corresponding dynamics of surface tension. The latter comparison allows us to clarify the relationship between the dynamics of surface tension at the liquid-air interface and experimental results on a contact angle evolution of droplet during the first fast stage of spreading found earlier 15 . Figure 9 shows a dynamics of surface tension of trisiloxane T8 solutions in a wide range of concentrations starting from 0.2 CAC to 20 CWC from short to long adsorption times. The CWC (critical wetting concentration) 11, 15, 27 is almost one order of magnitude higher than the CAC. Figure 9 shows that the whole adsorption process can be roughly subdivided into three stages: (i) initial stage, during that stage surface tension remains almost constant. Below we referee to the duration of that stage as "a lag time". The lag time decreases at the bulk concentration of surfactant increases and becomes undetectable at high concentrations: at concentrations above CAC the lag time was very small and could not be detected during measurements; (ii) the second dynamic stage. During that stage the surface tension decreases from its initial value to its lowest value. We referee below to the duration of that stage as "an adsorption time"; (iii) during the last third stage the adsorption remains constant.
In our spreading experiments small droplets of aqueous solutions of trisiloxane T8 spread over hydrophobic surfaces of PTFE AF coated silicone wafers.
Full experimental procedure is described in details in Refs 15, [27] [28] . Figure 12 shows contact angles dynamics of those solutions on PTFE AF
surfaces. The latter figure shows that the whole spreading process can be roughly subdivided into three stages: (i) initial stage, during that stage the contact angle remains almost constant (a lag time). The lag time decreases at the bulk concentration increase and becomes undetectable at high concentrations: at concentrations close and above CWC the lag time was very small and could not be detected during measurements; (ii) the second dynamic stage. During that stage the contact angle decreases from its initial value to its lowest value during first stage; (iii) during the next third stage the contact angle changes according to the previous theory 21 , that is, surfactant molecules adsorb in front of the moving three phase contact line.
A comparison between the dynamics of the surface tension (Figures 9) and
the contact angle evolution for T8 ( Figure 10 ) on PTFE AF surfaces reveals a similarity of their dynamic behaviour both qualitatively and quantitatively. Figure 10 shows that at low concentration (C < CAC) spreading starts in around 2 s time lag after the droplet was deposited on the substrate, and takes around 100 s to reach an equilibrium contact angle. Figure 9 indicates that the surface tension decreasing starts after a shorter time lag as compared with the time lag at spreading; however, the time required for surface tension equilibration at those concentrations is comparable with the spreading time (see Figure 11 ). It was shown earlier 15 that at concentrations below CAC the spreading proceeds in only one slow stage, which is in agreement with the consideration above (contact angle is above 90 0 and adsorption on the liquid-air interface does not promote the spreading process).
Hence, the spreading process is governed by adsorption of surfactant monomers in front of the moving three-phase contact line (TCL), which occurs from the liquidvapor interface in a vicinity of TCL 23 . Therefore, the time lag of spreading could be explained by a slow adsorption at the liquid-vapor interface that supplies molecules to be transported in front of TCP.
With increasing concentration (C > CAC/CWC) the adsorption at the interface proceeds much faster ( Figure 9 ): no time lag is detected and surface tension attains the equilibrium values in the time ranging 0.1 -1s depending on the bulk concentration.
In the spreading experiments at similar concentrations it was found 15 that at such high concentrations spreading proceeds in two stages: a first short stage followed by a second long-time stage. Although the second stage of spreading was found to be well described by autophilic model, 15, 23 the physical nature behind the first fast stage remained unknown. However, comparison of the data presented in Figures 9 and 10 allows us to conclude that the duration of the first fast stage of spreading is very close to the duration of surface tension equilibration at concentration above CAC/CWC (see Figure 11 ). The latter probably means that the first fast stage of spreading is controlled by the adsorption of surfactant molecules on the liquid-vapour interface.
Note, however, that in ref [18] [19] [20] two stages of imbibitions were observed in the case of a capillary imbibitions of surfactant solutions into hydrophobic capillaries.
The first faster stage of the imbibitions was attributed to the disintegration of micelles. We discussed above that the imbibitions process is substantially different from the spreading over hydrophobic substrates. However, in the case of spreading the faster stage of spreading has been detected at concentrations above CAC only [15] . That is, we cannot claim that the presence of aggregates does not contribute (or even determine) to the spreading process.
It is also important to notice that at concentrations above the CAC (see Figure   9 ) the values of surface tensions fall down to below 60 mN/m even at the moment of very beginning of measurement (due to the extremely fast adsorption) that is very clear reflected in the contact angle dynamics ( Figure 10 ): with increasing concentration an initial contact angle of droplet decreases.
Conclusions
Kinetics of spreading of aqueous surfactant solution droplets over highly hydrophobic substrates proceeds in one slow stage at concentration of surfactants below CAC/CMC and in two stages if the surfactant concentration above the CAC/CMC: the fast and relatively short first stage is followed by a slower second stage. It is shown that the kinetics of spreading at concentrations below CAC/CMC and the second stage at concentrations above CAC/CMC are determined by a slow surfactant molecules transfer on a bare hydrophobic substrate in front of the moving three phase contact line (autophilic phenomenon). The latter process results in an increase of the interfacial tension of the hydrophobic solid surface in front and the spreading as a result. It is proven that in spite of that increase of the local interfacial energy the latter process results in a decrease of the total free energy of the droplet.
Hence, the adsorption of surfactants molecules on a bare hydrophobic substrate in front of the moving three phase contact line is a spontaneous process. The duration of the first stage of spreading in the case of the surfactant concentration above CAC/CMC correlates well with the duration of adsorption of surfactant molecules onto liquid-air interface at the same concentrations. The latter allows assuming that the adsorption on the liquid-air interface is the driving mechanism of spreading during the first fast stage of spreading at surfactant concentrations above CAC/CMC.
It is shown why the first stage does not take place in the case of surfactant concentrations below CAC/CMC in spite of the longest duration of adsorption in this case. 
Figure legends

